Detailed in situ analyses reveal overlapping expression of gsc and Xbra in the early Spemann's organizer. Coexpression is lost during gastrulation suggesting an interaction between these genes. Ectopic expression of gsc ventrally suppresses endogenous Xbra expression and transcription from Xbra promoter reporter gene constructs. Suppression is mediated, at least partially, by a gsc-binding site within the first 349 bp of the promoter. Xbra reporter gene transcription is also suppressed in the region of endogenous gsc expression, whereas high-level ectopic Xbra expression has no effect on endogenous gsc expression. We suggest that early patterning of the vertebrate mesoderm, like early patterning of the Drosophila embryo, occurs by first establishing broad domains of gene expression which are subsequently refined by intergenic interactions to further delimit tissue boundaries.
Introduction
Recent efforts in the field of developmental biology have focused on understanding the molecular mechanisms that establish pattern during early embryogenesis. The results of intense efforts to understand mesoderm induction in Xenopus have suggested that mesoderm arises from marginal zone ectoderm in response to inductive signals originating from the underlying endoderm (Slack, 1991) . The mesoderm is then further subdivided during gastrulation into its prospective fates such as head mesoderm, notochord, heart, somites, lateral plate mesoderm and blood (Slack, 1991) .
In this study, we have examined expression of the Xenopus genes, goosecoid (gsc) and brachyury (Xbra) . gsc encodes a homeodomain protein first expressed at mid-blastula transition in Spemann's organizer (Blumberg et al., C 1 7 ¸ ~ synergistic effect of overlapping, yet spatially restricted signaling molecules (Watabe et al., 1995) crudely defines the dorso-anterior and ventro-posterior regions of the mesoderm. The second step involves the sharpening of domains of expression by refining the expression patterns of target genes through their direct interaction.
Results
anteriorly and spread laterally while Xbra is expressed in the developing notochord and is maintained in the mesoderm surrounding the closing blastopore (Smith et al., 1991) . These results suggest that in the early Xenopus gastrula, there are two phases of gsc and Xbra expression. In the first phase of expression (prior to stage 10.5), the domains of gsc and Xbra at least partially overlap, whereas in the second phase (stage 10.5 and later), this coexpression is lost.
Expression of gsc and Xbra during Xenopus gastrulation

Ectopic expression of gsc results in the suppression of Xbra expression
To determine the relative positions of the gsc and Xbra expression domains during gastrulation, we performed whole-mount in situ hybridization simultaneously probing for gsc and Xbra (Doniach and Musci, 1995; Knecht et al., 1995) . Fig. 1 shows the expression patterns ofgsc and Xbra at several stages of gastrulation. By whole-mount in situ hybridization Xbra expression is not appreciably detectable until early gastrula stage (10.0-10.25) , where its expression domain is characterized by a ring of staining throughout the circumference of the marginal zone (Fig. 1A, brown) . At this time point, the Xbra message is most abundant in the dorsal half of the marginal region. In the same early gastrula stage embryo, gsc-expressing cells (Fig. 1A , purple) are located just above the dorsal lip of the blastopore in an arc approximately 60 degrees in width, substantially overlapping the domain of Xbra expression. Sagittal sections through these embryos reveal a region of cells coexpressing gsc and Xbra (Fig. 1B, brackets) . In slightly later gastrula embryos (stage 10.5), gsc and Xbra expression domains appear to overlap completely (Fig. 1C) . However, sagittal sections reveal that the region of apparent overlap is due to the involution of gsc-expressing cells beneath the cells expressing Xbra. At this stage in development, there is no apparent coexpression of gsc and Xbra (Fig. 1D) . By midgastrulation (stage 11-11.5), the separation of gsc and Xbra expression into two distinct domains is more apparent (Fig.  1E ) with gsc expression localized to the region of presumptive prechordal plate mesoderm (and possibly anterior endoderm) and Xbra expression displayed in a ring surrounding the blastopore. By late gastrula stage (stage 12.5; Fig. 1F ), the prechordal plate expression of gsc has moved further The relative expression patterns of gsc and Xbra in the early gastrula are noteworthy since it is possible that an interaction between these genes is responsible for the segregation of the two expression domains from one another. To test this hypothesis, various C-tier blastomeres (Nakamura and Kishiyama, 1971) of 32-cell stage albino Xenopus embryos (the region fated to give rise to the marginal zone of the gastrula embryo; Bauer et al., 1995; Vodicka and Gerhart, 1995) were injected with synthetic mRNA encoding either gsc or Hoxb8 (Hox 2.4, XlHbox 7; Bittner et al., 1993) , along with the lineage tracer lysinated-rhodamine dextran (LRD) ( Fig. 2A) . LRD was coinjected to allow for retrospective determination of the position of the injection site relative to the dorsal lip in the gastrula stage embryo. Embryos were allowed to develop to mid-gastrula stage (stage 10.75-11) and subjected to whole-mount in situ hybridization using an Xbra antisense probe. Embryos injected with gsc mRNA display a zone of Xbra suppression at the site of injection (Fig. 2B, arrowhead) . Hoxb8 mRNA, which encodes an Antennapedia-type homeodomain protein (Bittner et al., 1993) , was used throughout these experiments as a control for the functional specificity of the gsc homeodomain protein. Hoxb8 mRNA-injected embryos show normal patterns of Xbra expression (Fig. 2C) . Suppression of Xbra expression by gsc occurs at extremely low levels of injected gsc mRNA (50 pg, Fig. 2B ) and regardless of the equatorial site of injection (data not shown). Conversely, we sought to examine whether the inhibition of gsc expression could be mediated by overexpression of Xbra in the dorsal marginal zone. Despite injection of high levels of Xbra mRNA (1.3-4 ng), the dorso-anterior development of embryos, as indicated by the dorso-anterior index (DAI; Kao and Elinson, 1988) , was unaffected (DAI scores were 4.9 (1.2 ng Xbra) and 3.8 (4 ng Xbra~; n = 60 and 25, respectively). Furthermore, whole-mount in situ hybridization revealed no change in gsc expression, even at the 4 ng dose of Xbra (Fig. 2D,E) . Therefore, we conclude that ectopic expression of gsc protein, prior to the onset of Xbra expression, results in the suppression of Xbra expression, whereas Xbra is unlikely to repress gsc expression. Thus, the native coexpression of gsc and Xbra in the presumptive dorsal mesoderm (organizer), may result in the down-regulation of Xbra expression from cells which coexpress gsc.
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Identification of gsc-binding sites within the Xbra promoter
In order to define the region(s) of the Xbra promoter that is required to facilitate suppression by the gsc protein, a 1562-bp fragment of the Xbra promoter ( Fig. 3 ) was subcloned into a promoter-less luciferase reporter plasmid. From this construct, several 5' deletion mutants were generated (see Fig. 3 ). These Xbra-luciferase reporter constructs were coinjected with either mRNA encoding gsc or Hoxb8 into a single ventral marginal zone blastomere (C4) of 32-cell stage embryos (see Fig. 2A ; Cho et al., 1991) . Embryos were allowed to develop to mid-gastrula stage (stage 10.75-11) at which time luciferase activity was determined (Watabe et al., 1995) . Fig. 4 shows that the -1562 bp, -759 bp and -349 bp Xbra promoter constructs are repressed ll-fold, 21-fold and 7-fold, respectively, relative to control injections. While some variation exists, luciferase expression derived from all three promoter constructs is suppressed using as little as 15 pg of gsc mRNA, suggesting that one or more gsc-responsive regulatory elements exist within the first 349 bp of the Xbra promoter.
To more precisely define putative gsc-binding sites, DNase I protection analysis was performed on the -349 bp fragment of the Xbra promoter using crude protein extracts prepared from bacteria expressing either glutathione-S-transferase (GST)-gsc fusion protein or GST alone. This analysis revealed two relatively strong gsc-binding sites sharing the core consensus sequence 5"-GATTA-3" (Fig. 5 , sites 1 and 2). Similar sequences have been implicated as core binding sites for homeodomain proteins in vitro (Wilson et al., 1992) . The stronger of the two sites (site 1) is located at nucleotide positions -63 to -68 (numbering is relative to the start site of translation), while the weaker site (site 2) is nearest the 5' end of the fragment at nucleotide positions -296 to -301 (see Fig. 3 ). Several weaker footprints are indicated by asterisks.
gsc repression of the Xbra gene is mediated by gscbinding site 1
To determine if gsc-binding sites 1 and/or 2 are functionally significant for the suppression of Xbra, these sites were mutated from 5'-ATTA-3' to 5'-CGGC-3' in the context of the -349 bp Xbra promoter reporter gene. Oligonucleotide probes corresponding to binding sites 1 and 2, containing wild-type or mutated gsc-binding sites, were designed for gel mobility shift assays. Use of these oligonucleotides in competition experiments permitted correlation of the in vitro ability of gsc protein to bind these sites, with the sites relative contributions to the in vivo suppression of the Xbra promoter. Fig. 6A demonstrates that both wildtype sites 1 and 2 are bound by the GST-gsc fusion protein, but not by GST alone. Furthermore, it is noteworthy that wild-type gsc-binding site 1 is shifted more readily than site 2 (Fig. 6A ) consistent with our DNase I footprinting data (Fig. 5) (Fig. 5) . Arrows delineate the full length (-1562 bp) and 5' deletion constructs (-759 bp, and -359 bp) . No recognizable TATA-box exists within this promoter region. The sequence has been submitted to Genbank, accession number AF007123.
to the radiolabeled wild-type site 1 probe is efficiently competed using unlabeled wild-type site 1 oligonucleotide (Fig.  6B) . However, the oligonucleotide displaying mutant site 1 is unable to affect the association of the gsc protein with the wild-type site. In Fig. 6C , gsc-binding site 2 is used as the labeled probe. Again, only wild-type gsc-binding site 2 competes binding with the probe. These results demonstrate that the alteration of the 5'-ATTA-T core sequences within both gsc-binding sites is sufficient to ablate binding by the gsc homeodomain.
To investigate the developmental relevance of the in vitro DNA-binding studies, we sought to examine v~hether endogenous levels of gsc protein could also inhibit transcription of the wild-type Xbra reporter gene. As shown in Fig. 7 wild-type Xbra promoter is down-regulated 4.1-fold in the organizer (C1), the location of endogenous gsc expression , relative to its activity in the ventral marginal zone (C4). Therefore, the Xbra promoter can be regulated at physiological levels of gsc.
The mutations which abolish gsc DNA-binding (Fig.  6B,C) were then introduced in the context of the -349 bp Xbra reporter gene and tested for suppression relative to that seen with the wild-type Xbra reporter. If the expression of Xbra is indeed negatively-regulated by gsc and the identified gsc-binding sites are important for this regulation, the wild-type Xbra reporter gene should be repressed by gsc, whereas Xbra reporter genes bearing the mutated gsc-binding sites would fail to be repressed. While expression from the mutated gsc-binding site 2 construct ( A 2 / -349 bp Xbra-pOLUC) is similar to that of the wild-type construct (4.8-and 4.1-fold repression, respectively), repression of the gsc-binding site 1 mutant construct ( A 1 / -349 bp Xbra-pOLUC) is completely lost (1.2-fold repression) (Fig. 7) . Taken together, these results indicate that Xbra is specifically and directly suppressed by the gsc homeodomain protein and that this suppression is mediated through the direct binding of the gsc protein to the core consensus sequence within gsc-binding site 1.
A mechanism for dorso-anterior mesoderm patterning
By late gastrula stages, gsc expression is found in the I I I . . . . Fig. 5 . Identification of two putative gsc binding sites containing similar sequence motifs. DNase I protection analysis of a 3' labeled -359 bp fragment of the Xbra promoter reveals two major footprints sharing the consensus sequence 5'-GATTA-3' (sites l and 2). Weak sites are indicated by asterisks. Amounts of GST-gsc or GST (control) protein extract used are: lanes 2 and 9, 0.08 #g; lanes 3 and 10, 0.4/zg; lanes 4 and 11, 2.0/~g; lanes 5 and 12, 5.0 #g; and lanes 6 and 13, 10 #g. NP, no protein extract added.
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-Z -Z SITE 1 SITE 2 SITE ' SITE Fig. 6 . Mutation of the 5'-ATTA-3' core sequence in gsc-binding sites 1 or 2 abrogates gsc DNA binding. Gel mobility shift analyses were performed using wild-type gsc DNA-binding sites 1 and 2 using radiolabeled double-stranded oligonucleotide probes. Following incubation of the radiolabeled probes with protein extracts, with or without specific oligonucleotide competitors, DNA-protein complexes were analyzed by autoradiography following electrophoresis of the binding reactions on native polyacrylamide gels. (A) Crude bacterial lysates containing GST (lanes 2 and 4), or GST-gsc fusion protein (lanes 3 and 5), were incubated with radiolabeled oligonucleotide probes containing either wild-type gsc-binding site 1 (lanes 1-3) prechordal plate mesoderm, whereas Xbra expression is confined to the notochord and circumblastoporal region (Fig. 1) . However, our findings show that, early in gastrulation, gsc and Xbra expression partially overlap in the presumptive dorso-anterior mesoderm of the organizer. promoter and suppresses its transcription. This molecular event results in sharp demarcation of the dorso-anterior organizer (head mesoderm) from the remaining dorso-posterior (notochord) and lateral mesoderm, regions which maintain Xbra expression. Therefore, we propose that early embryonic mesoderm is patterned via a two-step process similar to mechanisms underlying segment formation in Drosophila. In Xenopus, the first step involves the establishment of crude domains of gene expression along the dorsoventral and anteroposterior axes, perhaps through morphogen gradients (Green and Smith, 1990; Gurdon et al., 1994 Gurdon et al., , 1995 and/or through synergistic interactions between regionally-active signaling cascades (Watabe et al., 1995) . In the second step, the boundaries of gene expression are clearly delineated through the subsequent interactions between these genes. Interactions occurring during the second step may explain the results obtained by Gurdon et al. (1994 Gurdon et al. ( , 1995 , where separate domains of gsc and Xbra were induced in a concentration-dependent fashion away from an activin source. Early on, the gsc and Xbra expression patterns may have overlapped, but at later stages the domains of expression were non-overlapping suggesting that gsc may have repressed expression of Xbra in the Direct repression of Xbra by gsc suggests that a major role for gsc in early mesodermal patterning is the inhibition of postero-dorsal (notochord)-specific gene expression in the organizer to promote an antero-dorsal (head mesoderm/endoderm) state. Xbra is the first example of a postero-dorsally expressed gene which is inhibited by gsc. Another candidate for gsc inhibition is Xnot, which is expressed in the notochordal domain of the organizer but not in the prechordal mesoderm (von Dassow et al., 1993; Gont et al., 1996) . In addition to antero-dorsal and posteroventral specification, gsc is likely to play a role in inhibition of ventral and lateral mesoderm-specific gene expression in the organizer to promote the dorsal fate. Thus, ectopic gsc expression in the ventral marginal zone induces secondary dorsal axes with concomitant inhibition of the expression of the ventrally-expressed genes XWnt8, XBMP4, XVentl and XVent2 (Christian and Moon, 1993; Fainsod et al., 1994; Gawantka et al., 1995; Onichtchouk et al., 1996) . However, it is important to note that it remains to be determined whether the gsc protein directly represses transcription of these genes, or acts by inducing expression of an intermediary transcription factor(s) which in turn behaves as a transcriptional repressor.
The notion that vertebrate gsc may function directly in transcriptional repression of postero-dorsal and ventro-lateral gene expression is supported by the recent identification of a 7 amino acid region (FSIDNIL) upstream of the homeodomain which mediates transcriptional repression by the Drosophila gsc homologue (Goriely et al., 1996) . This 7 amino acid motif is conserved between the fly and vertebrate gsc proteins and may be involved in mediating the repression of target genes such as Xbra by the gsc protein.
Transcriptional repression may not be the only function of gsc since ectopic expression of gsc induces expression of the organizer-specific genes orthodenticle (Xotx2; Blitz and Cho, 1995) and chordin (Sasai et al., 1994) , implying that gsc may also function as a transcription activator. Again, it is not known whether the induction of these genes by gsc is direct or indirect. For example, gsc induction of Xotx2 may be indirectly mediated by the prior induction of chordin, which itself has Xotx2-inducing activity (Sasai et al., 1994) . Elucidating the transcriptional circuitry underlying the regulation of gene expression in Spemann's organizer remains a critical aspect for understanding the patterning of the early vertebrate embryo.
Experimental methods
Whole-mount in situ hybridizations
Early gastrula stage embryos were staged according to Nieuwkoop and Faber (1967) and Keller (1991) , as described in Blitz and Cho (1995) . Whole-mount in situ hybridizations (Harland, 1991) were performed with the modifications introduced by Knecht et al. (1995) , and Doniach and Musci (1995) . Briefly, a full-length antisense fluorescein-UTP labeled Xbra probe was synthesized from EcoRV linearized pXT-1 plasmid (Smith et al., 1991) . A homeobox-less antisense digoxigenin-UTP labeled gsc probe was transcribed from EcoRI linearized pG500 construct ). An alkaline phosphatase II kit (Vector Laboratories) was used as the substrate for visualization of the Xbra message. Purple alkaline phosphatase-substrate (Boehringer Mannheim) was used to discern the gsc signal. Embryos were developed in the each staining solution for 3-5 h at 37°C. Sagittal sections (10 #m thick) were obtained following paraffin-embedding.
Embryo injections
Preparation of synthetic mRNA, microinjection and culture of embryos were as previously described (Watabe et al., 1995) . Sense gsc and Hoxb8 mRNAs were transcribed from XhoI-digested pX{3mgsc and pX{3mXlhbox7 plasmids, respectively, using SP6 RNA polymerase. Sense Xbra mRNA was transcribed from HindlII-digested pXT1 (Smith et al., 1991) using SP6 RNA polymerase. When mRNA's were injected for luciferase reporter gene assays, dorsal-ventral polarity of the embryo was determined as previously described . In experiments utilizing whole-mount in situ hybridization analyses, lysinated-rhodamine dextran (LRD, 5 mg/ml final concentration) was coinjected with synthetic mRNA to facilitate identification of the equatorial site of injection relative to the dorsal lip of the blastopore at early gastrula stage. Embryos containing the appropriate localization of LRD relative to the dorsal lip were then subjected to wholemount in situ hybridizations for Xbra or gsc inhibition. Hybridizations were performed using digoxigenin-UTP labeled antisense Xbra or gsc probes synthesized as described above. Visualization of the hybridized probes utilized either the chromogenic substrates, BCIP and NBT, or purple alkaline phosphatase-substrate (Boehringer Mannheim). LRD fluorescence was detected using a Nikon Axiophot microscope.
Cloning of the Xenopus brachyury promoter, promoter analyses and luciferase assays
Xenopus brachyury (Xbra) was cloned from a Xenopus laevis genomic phage library (Leroy and De Robertis, 1992) using Xbra cDNA as a probe. A 1562 bp fragment of the Xbra promoter was subcloned into BamHI-HindlII digested pOLUC luciferase expression plasmid (de Wet et al., 1987) . 5' deletions of the Xbra promoter were obtained using PCR amplification using the 1562 bb promoter fragment as a template. Amplifications were carried out using Pfu polymerase (Stratagene) with the following cycling profile: 94°C (1 min), 55°C (1 min) and 72°C (1 min) for 30 cycles. The fragment size and the forward primer sequences were as follows: -759 bp (5"-GGGGGATCCCTTAAAACTAGGG-GATG-3'), and -349 bp (5"-GGGGGATCCCATTTGGG-GATTTACAT-3'). The same reverse primer (5'-GGG-AAGCTITCCAGAAAGGGAGGCTT-3') was used for the synthesis of each deletion construct. PCR-amplified fragments were purified and cloned between the BamHI and HindlII sites of pOLUC (BamHI and HindlII sites in the primer sequences are italicized above). The -1562 bp, -759 bp, or -349 bp Xbra pOLUC constructs (20 pg) were injected with 15-50 pg of either gsc mRNA or Hoxb8 control mRNA (Bitmer et al., 1993) into a single C4 blastomere of 32-cell stage Xenopus embryos. Luciferase assays were performed as described (Watabe et al., 1995) on stage 11 gastrulae. In all cases, fold repression was calculated using the results from Hoxb8 control mRNA injected embryos as background. Each experiment was performed three times to ensure reproducibility of the results.
DNase protection assays
DNase I protection assays were performed essentially as described (Hoey and Levine, 1988) . A PstI-BgllI fragment encoding the gsc homeodomain was subcloned into pGEX-KG (Smith and Johnson, 1988) yielding pGST-gsc200. Crude extracts were prepared from bacteria (BL21) transformed with either the pGST-gsc200 construct or pGEX-KG. Production of GST-gsc and GST proteins were monitored by Coomassie brilliant blue staining of crude extracts following SDS-polyacrylamide gel electrophoresis. In vitro DNA-binding reactions were carried out with 5 ng of 32p_ labeled DNA and 0.1 /zg of poly dldC in a 50/~1 reaction volume for 10 min on ice. Samples were electrophoresed on an 8% polyacrylamide/7.5 M urea gel.
Mutation of the Xbra promoter
Mutations of the -349 bp Xbra pOLUC fragment were generated using nested primers. The forward and reverse primers used to mutate gsc-binding site 1 (see Fig. 6A ) were 5'-TTTGTTCCGCGGCGTGGAAAA-3" and 5'-TTT-TCCACGCCGCGGAACAAA-3", respectively, gsc-binding site 2 (see Fig. 6A ) was mutated using the forward primer 5"-ATTCCCAGGCGGCTCATAGAG-3" and the reverse primer 5"-CTCTATGAGCCGCCTGGGAAT-3'.
Italicized sequences correspond to the residues which were altered from the wild-type sequence (see Fig. 3 and below). The outer primers to the -349 bp Xbra fragment were as described above. Either wild-type -349 bp Xbra pOLUC or mutated -349 Xbra pOLUC construct (40 pg) was injected into either C4 or C1 blastomeres (Nakamura and Kishiyama, 1971 ) of 32-cell stage Xenopus embryos.
Luciferase assays were performed as previously described (Watabe et al., 1995) . nucleotides were end-labeled with 32p using T4 polynucleotide kinase (Fritsch et al., 1989) . Equimolar quantities of either wild-type gsc-binding site 1 or wild-type gsc-binding site 2 probes were incubated in 20 /~1 binding reactions containing GST or GST-gsc fusion proteins prepared as described above. The conditions of the binding reactions were 20 mM Tris-HC1 (pH 7.5), 50 mM KC1, 1 mM DTT, 0.5 mM EDTA (pH 8.0), 0.5/zg poly dldC and 20% glycerol. Binding reactions were incubated on ice for 15 min and analyzed by autoradiography following electrophoresis on 5% polyacrylamide/0.25 × TBE gels. Unlabeled oligonucleotide competitors were included in the binding reactions in 10-and 100-fold molar excess over the labeled probe. In Fig. 6A , the gel shift shown reflects a 15 h exposure of the polyacrylamide gel to film, whereas Fig. 6B ,C were exposed for 8 and 30 h, respectively.
Gel mobility shift competition analyses
